Abstract. -The phonon self-energy in an anisotropic Heisenberg ferromagnet with single-ion anisotropy is derived using diagrammatic theory. The result is an improvement over those hitherto reported in that the optical branch of the magnetic excitations arising from the single-ion anisotropy is fully accounted for.
Introduction
In this paper we report the result of a theoretical study of the spin-phonon contribution to the self-energy of the phonon Green function in a spin-1 Heisenberg ferromagnet having both anisotropic exchange and single-ion anisotropy. The dominant spinphonon interaction was taken as the contribution arising from the modulation of the exchange interactions that is linear in the atomic displacements. A diagrammatic technique based on a generalization of the VLP approach to spin-phonon systems was used and the calculations were carried out using a semi-invariant expansion of the spin Green function in which the crystal field anisotropy was incorporated exactly [I] . The semi-invariants were evaluated using standard basis operators. The diagrams were classified according to the high density expansion (1 / z) , where z is the number of spins with which a given spin interacts. Until now, the single spin anisotropy has only been accounted for by use of an effective anisotropy field, or by the adoption of a phenomenological interaction Hamiltonian, or by working within the Holstein-Primakoff representation of the spin operators. Such devices neglect the optical spin wave excitations in the energy spectrum and over simplify the spin dynamics, particularly at elevated temperatures. By using as the basic building blocks in the construction of the perturbation expansion, transverse and longitudinal spin Green functions and effective exchange interactions that have already been renormalised to lowest order, full account of the optical spin wave spectrum was included.
The Hamiltonian
The system we studied was the coupled spin-phonon system described by the Hamiltonian H = H, + HL + Hs-, with, i, j, H, is the Hamiltonian for a spin-1 ferromagnet having both uniaxial anisotropy and single-ion anisotropy.
J0 ( R j ) and J+ ( R j ) are the longitudinal and transverse exchange interactions between a pair of spins at sites Ri and R j , and D is the single-ion anisotropy. HL is the Hamiltonian for the lattice in the harmonic approximation where and aqj are creation and annihilation operators for phonons of wave vector q in the jth branch with energy hwW. H,-, is the lowest-order spin-phonon interaction arising from the modulation of the exchange integral among the spins by the lattice vibrations, with
The atomic displacement operators are expressed In terms of phonon operators by
where e (qj) is a unit vector and p and V are the density and volume of the system respectively.
The Green function
The quantity of interest is the phonon Green function
1/2 where 4% = (wqj / 2~) (a* + akq) . The importance of the self-energy A (qj, i o ; j") is that it determines the excitation frequency and the damping of the phonon excitations. Equation (5) is of course a maxtrix equation with respect to the polarization indices, so the self-energy is not necessarily diagonal with respect to these indices, and the pure phonon modes are coupled. Usually, in experimental situations, such as in an ultrasonic experiment, a geometry is selected where the self-energy is diagonal, or may be approximated so. In this case one is only interested in the diagonal component A (qj, io) whose real and imaginary parts determine the energy shift and damping of the phonon excitations. It is this quantity that we have calculated.
Results
The diagrammatic theory adopted was that used by Chakraborty and Tucker [I] in a recent study of the magnetic excitations in an anisotropic ferromagnet with spin-phonon interactions. A similar approach has been used by Kamenskii [2] , and Jones and Cottam [3] , for the isotropic magnet, and by Kamensky [4] , for the ferromagnet with anisotropic exchange. However, in those cases the situation was somewhat simpler because of the absence of any single-ion terms in the Hamiltonian. In this paper we report the low temperature result for the self-energy. Space limiations prevent us from giving any details of the calculation here. We simply remark that the result follows from diagrams that are the analogue of those in figure 2 of [I] ? used to obtain the expression for the polarization part of the spin Green function at low temperatures.
To order (1 / z ) we obtain for the self-energy, The E$ are the excitation frequencies of the noninteracting spin-wave spectrum first established by Ginzburg [5] , namely
(8) with
and b = (SZ), ; P = 2 -3 ((s")~),
(I0)
The importance of our result, equation (7), is that it includes the single-ion anisotropy in a rigorous way. In the isotropic limit, when J+ = J0 and D vanishes, it is seen that the optical branch drops out and ~i reduces to the familiar spin-wave energy, ~k = y -bJ (k) of the isotropic magnet. The result of [3] for the phonon self-energy is thenrecovered. To extend the calculation to higher temperatures, other diagrams involving two momentum summations, but still of order 1 / z , have to be included. Diagrams of this type which had to be accounted for in our discussion of the magnetic excitations near the Curie temperature are very cumbersome to evaluate (see Eqs. (38) to (80) of Ref. [I] . Work is in progress on the evaluation of these diagrams and a full account of our work including numerical estimates of the phonon lifetime over the whole temperature range will be published in due course.
